A p a r a m e t r i c s t u d y w a s performed w i t h 120-mm b o r e angular-contact b a l l b e a r i n g s under v a r y i n g t h r u s t l o a d s , b e a r i n g and l u b r i c a n t t e mp e r a t u r e s , and c o o l i n g and l u b r i c a n t f l o w rates. Contact a n g l e s were nominally 20' and 24' w i t h b e a r i n g speeds t o 3 m i l l i o n DN. Endurance tests were run a t 3 m i l l i o n DN and a t e m p e r a t u r e of 492 K (425' F) w i t h 10 b e a r i n g s h a v i n g a nominal 24' c o n t a c t a n g l e a t a t h r u s t l o a d m b o f 2 2 2 4 1 N (5000 l b ) . Bearing o p e r a t i n g t e m p e r a t u r e , d i f f e r e n c e s i n m u3 I w temperatures between t h e i n n e r and o u t e r races, and b e a r i n g power consumption can b e tuned t o any d e s i r a b l e o p e r a t i n g requirement by varyi n g 4 parameters. These parameters are o u t e r -r a c e c o o l i n g , i n n e r -r a c e c o o l i n g , l u b r i c a n t flow t o t h e i n n e r race and o i l i n l e t temperature.
I w temperatures between t h e i n n e r and o u t e r races, and b e a r i n g power consumption can b e tuned t o any d e s i r a b l e o p e r a t i n g requirement by varyi n g 4 parameters. These parameters are o u t e r -r a c e c o o l i n g , i n n e r -r a c e c o o l i n g , l u b r i c a n t flow t o t h e i n n e r race and o i l i n l e t temperature.
P r e l i m i n a r y endurance tests a t 3 m i l l i o n DN and 492 K (425' F ) i n d ic a t e t h a t l o n g term b e a r i n g o p e r a t i o n can b e achieved w i t h a h i g h de-
g r e e of r e l i a b i l i t y .
INTRODUCTION
Advanced a i r b r e a t h i n g e n g i n e s f o r high--speed a i r c r a f t f o r t h e 1980's are expected t o o p e r a t e w i t h b e a r i n g temperatures n e a r 492 K (425' F) and a t speeds approaching 3 m i l l i o n DN. (DN i s a b e a r i n g speed parameter and is equal t o t h e product of t h e b e a r i n g b o r e i n m i l l i m e t e r and t h e s h a f t speed i n rpm.) I n s u p p o r t of t h e s e engines, as w e l l as f o r s i m i l a r h i g h performance o r i e n t e d b e a r i n g a p p l i c a t i o n s , a r e l i a b l e b e a r i n g -l u b r i c a n t system is r e q u i r e d . Such a system req u i r e s e s s e n t i a l l y t h r e e key items. These are, a s u i t a b l e l u b r i c a n t , a r e l i a b l e b e a r i n g s t r u c t u r a l m a t e r i a l , and an optimized b e a r i n g de-
s i g n coupled w i t h t h e proper o p e r a t i o n a l parameters needed t o s u s t a i n u l t r a h i g h speeds.
Over t h e p a s t decade several new classes of l u b r i c a n t s were developed and e v a l u a t e d , which extended t h e upper temperature range of l u b r i c a t i n g f l u i d s [l-41 . Of t h e s e , t h e p o l y -e s t e r and tetra-ester f l u i d s have proven t o b e most u s e f u l and a p p l i c a b l e i n t y p i c a l a i rb r e a t h i n g environments, and consequently have been widely accepted i n c u r r e n t commercial and m i l i t a r y a p p l i c a t i o n s [ 51. These 
f l u i d s have good thermal s t a b i l i t y a t temperatures t o 505 K (450O F ) . l i f e a t 492 K (425' F) w i t h t h e t e t r a -e s t e r s exceeded AFBMA-predicted
( c a t a l o g u e ) l i f e by a f a c t o r i n excess of f o u r [ 3 ] . When 
t e s t o i l i n
[ 3 ] w a s r e p l a c e d a t a r a t e approximating t h e replenishment r a t e i n 1 Bearing Numbers i n b r a c k e t s d e s i g n a t e References a t end of paper. 1 3 a c t u a l commercial engine usage, no s i g n i f i c a n t i n c r e a s e i n l u b r i c a n t
v i s c o s i t y o r a c i d i t y with t i m e was observed a t 492 K (425' F ) .
Research r e p o r t e d i n [ 6 ] i n d i c a t e d t h a t A I S I M-50 s t e e l can produce t h e most f a v o r a b l e l i f e results a t e l e v a t e d temperatures when compared with o t h e r high-speed o r high-temperature s t e e l s such as R 1, A' 1 M-10, WB-49, e t c .
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Rolling-element bearing t e s t s t o 589 K (600° F) w i t h t h e A I S I M-50 s t e e l and a s y n t h e t i c p a r a f f i n i c o i l produced l i v e s i n excess of 13 t i m e s t h e AFBMA p r e d i c t e d l i f e .
I n conventional rolling-element b e a r i n g s , both m e t a l l i c and nonm e t a l l i c cages have found widespread use.
P r e c i s i o n b e a r i n g s , such as t h o s e used f o r a i r c r a f t a p p l i c a t i o n s , are u s u a l l y equipped w i t h cages machined from i r o n o r copper b a s e a l l o y s . Where marginal l u b r i c a t i o n i s suspected d u r i n g o p e r a t i o n , s i l v e r p l a t i n g of t h e cage material has been used t o a t t e n u a t e t h e d e t r i m e n t a l e f f e c t s of i n t e r m i t t e n t o r mome n t a r y metal t o metal c o n t a c t . The b e a r i n g tests r e p o r t e d i n [l-41
s u c c e s s f u l l y u t i l i z e d a cage m a t e r i a l made of a n i c k e l b a s e a l l o y (AMs With t h e tetra-ester l u b r i c a n t and the~M-50 s t e e l , two of t h e t h r e e key elements e s s e n t i a l t o s u c c e s s f u l large-diameter, high-load and ultrahigh-speed b e a r i n g operation are now s p e c i f i e d . However, highspeed b e a r i n g o p e r a t i o n i n t h e range of 3 m i l l i o n DN r e q u i r e s more t h a n t h e proper l u b r i c a n t and b e a r i n g m a t e r i a l . Heat g e n e r a t i o n w i t h i n t h e b e a r i n g i t s e l f i s extremely c r i t i c a l , as i s component l o a d i n g due t o c e n t r i f u g a l e f f e c t s . Jones 17-91 f i r s t c o n s i d e r e d speed e f f e c t s on b e a r i n g l i f e and dynamics without c o n s i d e r i n g t h e e f f e c t of t h e l u b r ic a n t . Subsequently, Harris [ l o , 111 expanded t h e s e b e a r i n g a n a l y s e s i n c l u d i n g l u b r i c a n t e f f e c t s .
A t h i g h speed, t h e e f f e c t of c e n t r i f u g a l l o a d i n g of t h e r o l l i n g e l e m e n t s a g a i n s t t h e o u t e r r a c e o f the b e a r i n g becomes extremely imp o r t a n t . T h i s d e c r e a s e i n p r e d i c t e d l i f e is due t o t h e i n c r e a s e d stress i n t h e o u t e r race caused by c e n t r i f u g a l e f f e c t s . The expected f i n a l r e s u l t i s extremely s h o r t b e a r i n g l i f e a t speeds much above 2 m i l l i o n DN b o t h i n a c t u a l running t i m e ( h r ) and i n t o t a l b e a r i n g i n n e r -r a c e r e v o l u t i o n s .
Another problem of o p e r a t i n g b e a r i n g s a t h i g h speed i s t h e need t o a d e q u a t e l y c o o l t h e b e a r i n g components because of e x c e s s i v e h e a t gene r a t i o n . A method which h a s been used s u c c e s s f u l l y t o 3 m i l l i o n DN i s c o o l i n g l u b r i c a n t a p p l i e d u n d e r the race [13] . I n t h i s method l u b r ic a n t is c e n t r i f u g a l l y i n j e c t e d through t h e s p l i t i n n e r -r a c e and s h o u l d e r s of an a n g u l a r -c o n t r a c t b a l l b e a r i n g by means of a p l u r a l i t y of r a d i a l h o l e s . A s a r e s u l t , b o t h t h e cooling and l u b r i c a n t f u n c t i o n i s accomplished.
The r e s e a r c h r e p o r t e d h e r e i n , which i s based on t h e work r e p o r t e d i n [14, 151, w a s undertaken t o i n v e s t i g a t e t h e performance of o p t i m a l l y d e s i g n e d 120-mm b o r e a n g u l a r -c o n t a c t b a l l b e a r i n g s a t speeds t o 3 m i l l i o n DN. The primary o b j e c t i v e s w e r e t o ( a ) determine t h e o p e r a t i n g c h a r a c t e r i s t i c s under v a r i a b l e l u b r i c a n t f l o w c o n d i t i o n s a t 3 m i l l i o n DN, (b) determine t h e e f f e c t of speed and l o a d on b e a r i n g performance and ( c ) conduct p r e l i m i n a r y b e a r i n g endurance tests a t 3 m i l l i o n DN and a t a temperature of 492 K (425' F ) .
HIGH-SPEED BEARING TESTER
A s c h e m a t i c of t h e high-speed, high-temperature b e a r i n g t e s t e r used i n t h e s e tests i s shown i n :' i. There are t h r e e l u b r i c a n t loops i n 0 6 a t t h e s h a f t i n t e r n a l diameter proportioning the amount of o i l which i s t o l u b r i c a t e and/or c o o l each bearing i n n e r r a c e . L . d e s i g n a t e s t h e o i l f l o w t o t h e b e a r i n g through a p l u r a l i t y of r a d i a l h o l e s i n t h e c e n t e r o f t h e s p l i t i n n e r race. C . d e s i g n a t e s t h e l u b r i c a n t u t i l i z e d t o c o o l t h e b e a r i n g i n n e r r a c e and l u b r i c a t e t h e c o n t a c t of t h e cage w i t h t h e race l a n d through a p l u r a l i t y of r a d i a l h o l e s i n t h e i n n e r -r a c e Consequently, v a l u e s of Li, Ci, and Co can b e independent o f each o t h e r .
T h i s tester
The machine i n s t r u m e n t a t i o n i n c l u d e s t h e s t a n d a r d p r o t e c t i v e c i rc u i t s which s h u t down a t e s t when a bearing f a i l u r e occurs, o r i f any o f t h e t e s t parameters d e v i a t e from t h e programmed c o n d i t i o n s . Measurements were made of b e a r i n g i n n e r r a c e speed, b e a r i n g cage speed, t e s t s p i n d l e i n g a 0.005 cm (0.002 i n . ) maximum t h i c k n e s s of s i l v e r p l a t e (AMs 2410).
The cage b a l a n c e w a s 3 gm-cm (0.042 o z -i n . ) .
The r e t a i n e d a u s t e n i t e content o f t h e b a l l and race material w a s less t h a n 3 p e r c e n t . The i~n e r -and outer-race a , u t v a t u r e s were 54 and 52 p e r c e n t , r e s p e c t i v e l y . A l l components w i t h t h e exception of t h e cage were matched w i t h i n & one Rockwell-C p o i n t .
nominal d i f f e r e n t i a l hardness i n a l l b e a r i n g s ( i o e o , t h e b a l l hardness minus t h e r a c e h a r d n e s s , commonly c a l l e d AH) of z e r o [16] . S u r f a c e f i n i s h o f t h e b a l l s w a s 2.5 ucm (1 microinch) AA and t h e : m e r an.6 o '~t eraceways w e r e h e l d t o a 5 pcm (2 microinch) AA maximum s u r f a c e f i n i s h .
This matching assured a A photograph of t h e t e s t bearing i s shown i n F!, j= Tfrr 6~-I i n g design p e r m i t t e d under-race l u b r i c a t i o n by v i r t u e of r a d i a l s l o t s machined i n t o t h e h a l v e s of t h e s p l i t i n n e r races. It had been shown i n [13] t h a t t h i s w a s t h e most r e l i a b l e technique f o r l u b r i c a t i n g h i g h -
speed b e a r i n g s . P r o v i s i o n w a s a l s o made f o r inner-race l a n d t o cage l u b r i c a t i o n , by t h e i n c o r p o r a t i o n of several s m a l l diameter h o l e s rad i a t i n g from t h e b o r e of t h e i n n e r : -e t o t h e c e n t e r of t h e i n n e r -t E shoulder.
LUBRICANT
The o i l used f o r t h e parametric s t u d i e s as w e l l as f o r t h e subse-
k e neopentylpolyol ( t e t r a ) ester. T h i s i s a Type I1 o i l , q u a l i f i e d t o MIL-L-23699 as w e l l as t o t h e i n t e r n a l o i l s p e c i f i c a t i o n s of most major a i r c r a f t -e n g i n e producers. The major p r o p e r t i e s of s u b j e c t o i l
are presented i n I -j b l e L and a temperature-viscosity curve i s shown i n i:
-
TEST PROCEDURE
The t e s t procedure w a s a d j u s t e d according t o t h e test c o n d i t i o n s t o b e e v a l u a t e d . Generally, a program c y c l e was d e f i n e d which would allow t h e e v a l u a t i o n of a number of c o n d i t i o n s without a major i n t e rr u p t i o n . With t h e exception of speed, a l l test parameters such as l o a d , l u b r i c a n t flow r a t e and o i l t e m p e r a t u r e could be a d j u s t e d w h i l e t h e tester w a s i n o p e r a t i o n . During o p e r a t i o n , t h e t e s t e r w a s allowed t o reach e q u i l i b r i u m c o n d i t i o n b e f o r e the d a t a were recorded. For t h e long term endurance t e s t a t 3 m i l l i o n DN t h e procedure v a r i e d only t o t h e e x t e n t t h a t once t h e p r e s e t t e s t parameters had been achieved no
f u r t h e r adjustments were made. 
Power l o s s p e r b e a r i n g w a s determined by measuring l i n e t o l i n e v o l t a g e and l i n e c u r r e n t t o t h e t e s t -r i g
p e r hour of t h e e n t i r e sump c a p a c i t y . This o p e r a t i o n w a s performed w i t h o u t i n t e r r u p t i o n of t h e t e s t . By c l o s e l y monitoring t h e o i l rep l e n i s h e d , i t has been shown t h a t no s i g n i f i c a n t i n c r e a s e s i n e i t h e r v i s c o s i t y o r a c i d number occur, even i n tests on t h e order of 1000 hours d u r a t i o n .
The r a t e of replenishment w a s approximately e q u a l t o 0 . 3 percent
The r a t i o n a l e f o r t h i s replenishment i s t h a t i t s e r v e s t o maintain
t h e l u b r i c a n t p r o p e r t i e s , and s p e c i f i c a l l y , v i s c o s i t y and a c i d number, a t a r e l a t i v e l y c o n s t a n t l e v e l . I f no o i l changes w e r e made, the l u b r ic a n t would p r e s e n t a continuously changing parameter w i t h i n d e t e r m i n a t e e f f e c t s on b e a r i n g performance. The s e l e c t e d replenishment r a t e i s based on a c t u a l o i l consumption r a t e s i n t u r b o j e t engines.
RESULTS AND DISCUSSION
E f f e c t of Speed
The e f f e c t of speed on t h e o p e r a t i n g c h a r a c t e r i s t i c s of t h e 120-mm b o r e angular-contact ball b e a r i n g s are shown i n Z t g s t h r e e t h r u s t l o a d s . The 20 and 24 c o n t a c t a n g l e b e a r i n g s were run a t nominal speeds of 1 2 000, 1 6 000, 20 000, and 25 000 rpm. Test 
For t h e 2224kN (5000-lb) t h r u s t load, t h e temperatures of t h e i n n e r and o u t e r r a c e s were g e n e r a l l y w i t h i n 3 K (5 F) of each o t h e r . Over t h e range of s p e e d s , t h e temperature of t h e b e a r i n g races i n c r e a s e d from t h e range of 441 t o 453 K (335O t o 355' F ) , t o temperatures i n t h e range of 478 t o 494 K (400' t o 430' F) o r an i n c r e a s e of approximately 36 t o
42 K (65 t o 7 5 F ) . I n g e n e r a l , the 24 c o n t a c t a n g l e s b e a r i n g s r a n approximately 3 t o 8 K (5 b e a r i n g s over t h e e n t i r e speed range.
w a s n o t considered s i g n i f i c a n t . 
w i t h speed f o r t h e t h r e e loads shown. A t t h e t h r u s t l o a d o f
22241 N (5000 l b ) and a speed of 25 000 rpm, t h e power l o s s is approxi m a t e l y 15 kW (20 horsepower) per bear: T,$ f o r t h e two c o n t a c t angles.
At t h e speed of 12 000 rpm and a t h r u s t load of 6672 N (1500 l b ) , t h e power l o s s i s approximately 3 kW ( 4 horsepower) o r 20 p e r c e n t of t h e power l o s s a t t h e high-speed, high-load c o n d i t i o n .
Comparing t h e power consumption of t h e two contact-angle b e a r i n g s a t
t h e 22241N (5000 l b ) load and a t l o w speeds, the 24' contact-angle b e a r i n g had a power l o s s approximately 25-percent g r e a t e r t h a n t h e 20 0 c o n t a c ta n g l e b e a r i n g . f e r e n c e i n power l o s s between t h e two c o n t a c t a n g l e s w a s e s s e n t i a l l y i n s i g n i f i c a n t .
A
f e c t of speed on c o n t a c t stress and operating c o n t a c t a n g l e u s i n g t h e methods of Harris [ l o , 111 are shown i n T a b l e 3.
For t h e s e c a l c u l at i o n s , a b e a r i n g o p e r a t i n g temperature of 478 K (400 F) was assumed.
These c a l c u l a t e d d a t a show t h a t t h e r e is a more marked i n c r e a s e i n stress a t t h e o u t e r -r a c e b a l l c o n t a c t a t t h e lower t h r u s t lo&d of 6672 N (1500 l b ) than a t t h e 22241-N ( 5 0 0 e l b ) t h r u s t load. This d i ff e r e n c e i n t h e r e l a t i v e i n c r e a s e i n stress a t t h e o u t e r -r a c e b a l l cont a c t , probably accounts f o r t h e s l i g h t l y h i g h e r rate of i n c r e a s e i n power consumption w i t h speed w i t h t h e lower t h r u s e -l o a d e d b e a r i n g tests.
Contact-angle measurements were made on b e a r i n g s having an i n i t i a l cont a c t a n g l e of 24' and t e s t e d a t 1 2 000, 1 6 000, and 25 000 rpm a t a load of 22241 N (4000 l b ) . ment w i t h t h e p r e d i c t i o n made i n Table 3 , w i t h t h e e x c e p t i o n of t h e i n n e r -r a c e c o n t a c t a n g l e a t t h e maximum speed c o n d i t i o n . Here t h e measured a n g l e w a s approximately 25' versus a p r e d i c t e d o p e r a t i n g angle of 34'. The reason f o r t h i s discrepancy is n o t understood a t t h e p r e s e n t t i m e .
The e f -
0
The a c t u a l measurements were i n e x c e l l e n t agree-
E f f e c t of Load
The e f f e c t of l o a d on t h e bearing temperature i s shown i n Fig. 7 Bearing E f f e c t of l u b r i c a n t flow.
-The e f f e c t of l u b r i c a n t flow i n t o t h e b e a r i n g , and t h a t used f o r c o o l i n g of t h e i n n e r and o u t e r races was de- Li.
Ibf-T~~-F -. : -s :.-:?ere 1 
R e f e r r i n g t o F i g 9 ( a ) , t h e t e s t r e s u l t s are shown f o r t h e 20' c o n t a c t -a n g l e b e a r i n g w i t h no inner-race cooling flow (Ci) e x c e p t f o r t h a t l u b r i c a n t e n t e r i n g t h e i n n e r race through t h e s l o t s i n t h e mating s u r f a c e s of t h e s p l i t i n n e r race. The temperatures of t h e i n n e r r a c e v a r i e d g e n e r a l l y from 6 t o 11 K (10 t o 20 F) f o r a p a r t i c u l a r l u b r ic a n t flow (L.) o v e r t h e range of outer-race c o o l i n g rates ( C o ) .
A t a l u b r i c a n t flow (L.) of approximately 2 . 3~1 0~~ c u b i c meters p e r minute (0.6 gpm) t o t h e i n n e r race, t h e temperature of t h i s component ranged from approximately 486 t o 497 K (415' t o 435' F) a t an o i l i n l e t rempe.r-
perature af 2 9 4 K (250" P i . 
The actual temperature depecds upon t h e outer-
A t a n increased l u b r i c a n t flow r a t e t o t h e -3
-4
A t a n o u t e r -r a c e c o o l i n g flow ( C o ) of 9 . 5~1 0 c u b i c meters p e r minute (0.25 gpm) ( f i g . 9 ( a ) ) , t h e temperature of t h e o u t e r race w a s n e a r l y e q u a l
t o t h a t of t h e i n n e r race. A s t h e flow r a t e t o t h e o u t e r race ( C ) w a s i n c r e a s e d , t h e outer-race temperature decreased. A t an outer-race flow ( C o ) of 5 . 7~1 0 temperature of t h e o u t e r r a c e w a s approximately 1 7 K (30 F) lower than
t h e <met--r a c e temperature. The amount of d e c r e a s e i n o u t e r -r a c e t e mp e r a t u r e s , w i t h i n c r e a s i n g i n n e r race flow (L.) f o r a l l v a l u e s of 0 -3 cubic meters p e r minute ( 1 . 5 gpm) t h e cO 1
4 g e n e r a l l y p a r a l l e l e d those of t h e inner race. What i s s i g n i f i c a n t i s t h a t t h e i n t e r n a l c l e a r a n c e s of t h e bearing w i l l b e a f f e c t e d w i t h t h e changes i n t h e outer-race c o o l i n g flow ( C ) .
0 R e f e r r i n g t o Fig.  9 (b) wherein t h e i n n e r -r a c e c o o l i n g flow r a t e (Ci) w a s 1.33 Li, t h e temperature of t h e i n n e r race ranged from 478 K (400' F) a t an inner-race l u b r i c a n t flow r a t e (Li) of l . l~l O -~ c u b i c meters p e r minute ( 0 . 3 gpm) t o approximately 461 K (370' F) when t h e i n n e r -r a c e flow rate w a s doubled t o 2 . 3~1 0 cubic meters p e r minute (0.6 gpm).
i n c r e a s e d a g a i n .
-3 Beyond t h i s v a l u e of Li, t h e temperature of t h e i n n e r race I n g e n e r a l , t h e o u t e r -r a c e temperature p a r a l l e l e d t h e i n n e r -r a c e temperature f o r t h e v a r i o u s outer-race cooling flow rates (C ) .
Howe v e r , t h e inner-race temperatures were n o t s i g n i f i c a n t l y a f f e c t e d by the outer-race flow r a t e s (Co).
1 . 9~1 0 -~ c u b i c meters p e r minute (0.5 gpm), t h e temperature of t h e i n n e r and o u t e r race w a s approximately e q u a l ( f i g . 9 ( b ) ) . However, a t an Li v a l u e of 2 . 3~1 0 -~ c u b i c meters p e r minute (0.6 gpm) and w i t h inner-race cooling (Ci), a d e c r e a s e of as much as 36 K (55 achieved over t h e same b e a r i n g having no l u b r i c a n t c o o l i n g flow t o t h e i n n e r -r a c e l a n d s ( Fig. 9 ( a ) ) . I t may b e concluded, t h a t inner-land c o o l i n g (C.) can p l a y a s i g n i f i c a n t r o l e i n reducing t h e d e t r i m e n t a l The d a t a obtained w i t h t h e 24O contact-angle b e a r i n g and a v a l u e of ci = 0 are shown i n F i g .
( c ) . The r e s u l t s under t h i s o p e r a t i n g 1 5
c o n d i t i o n w e r e g e n e r a l l y similar t o those obtained f o r t h e 2 0 ' c o n t a c t a n g l e b e a r i n g shown i n Fig.  9 ( a ) . However, t h e inner-race temperat u r e s of t h e 24' c o n t a c t a n g l e b e a r i n g v a r i e d over a g r e a t e r range. A t a l u b r i c a n t flow t o t h e i n n e r r a c e ( This temperature of t h e i n n e r race decreased w i t h i n -
1
Beyond t h i s flow r a t e temperatures began t o i n c r e a s e as l u b r i c a n t flow (L.) i n c r e a s e d .
1 This r i s e i n temperature w a s probably due t o t h e i n c r e a s e d q u a n t i t y of l u b r i c a n t w i t h i n t h e b e a r i n g c a v i t y and t o t h e r e s u l t a n t churning e f f e c t s .
Again, t h e o u t e r -r a c e temperature c l o s e l y p a r a l l e l e d t h e inner-race t e mp e r a t u r e and decreased w i t h increased r a c e cooling flow (C ). 
gpm), temperature a t t h e i n n e r
This t e mr a c e began t o i n c r e a s e . Likewise, t h e temperatures a t t h e o u t e r r a c e which p a r a l l e l t h o s e of t h e i n n e r r a c e , except a t an o u t e r -r a c e flow rate Beyond t h i s p o i n t , temperature r a p i d l y i n c r e a s e d a t t h e i n n e r race. .
Ci e q u a l t o 3.0 Li (Fig, 9 ( e ) ) t h e range 0
F)
The A summary of t h e i n n e r -r a c e temperatures i s shown i n Fig. 9 ( f ) * .
contact-angle b e a r i n g 0
From t h e s e d a t a i t may be concluded t h a t t h e 24 r a n s l i g h t l y c o o l e r t h a n i t s 20' c o n t a c t d n g l e e q u i v a l e n t . t h i s d i f f e r e n c e i n temperature w a s only about 8 K (15 F) o v e r most of t h e comparable o p e r a t i n g c o n d i t i o n s . A s t h e inner-race c o o l i n g flow
(Ci) i n c r e a s e d , temperatures decreased s i g n i f i c a n t l y .
f e r e n c e i n temperature 50 K (90 F) w a s observed between Ci e q u a l t o 3.0 Li and Ci e q u a l s zero. I n t h e case where no c o o l i n g w a s attempted of t h e i n n e r race except f o r t h a t provided by t h e i n n e r -r a c e l u b r i c a n t flow ( L . ) , most of t h i s d i f f e r e n c e can be accounted f o r by t h e f a c t t h a t a major c a u s e of t h e h e a t g e n e r a t i o n w i t h i n t h e b e a r i n g i s l i k e l y due t o churning of t h e l u b r i c a n t w i t h i n t h e b e a r i n g c a v i t y . e s s e n t i a l l y no s i g n i f i c a n t d i f f e r e n c e i n power l o s s . A t an o u t e r -r a c e c o o l i n g flow (Co) of 5 . 7~1 0 -~ cubic meters p e r minute (1.5 gpm) t h e power l o s s w a s approximately 0.75 t o 3 kW ( 1 t o 4 horsepower) g r e a t e r t h a n a t t h e lower v a l u e s of C . This d i f f e r e n c e i n power consumption can be a t t r i b u t e d t o t h e r e d u c t i o n i n b e a r i n g i n t e r n a l c l e a r a n c e s due t o temperature d i f f e r e n c e s between the i n n e r and o u t e r races. The rate of i n c r e a s e i n power l o s s w i t h used f o r t h e inner-race c o o l i n g flow ( C . ) and t h a t used f o r t h e primary l u b r i c a n t flow, Li.
0
Li is due t o both t h e m o u n t of o i l 1
The r a p i d i n c r e a s e i n power consumption with i n c r e a s e d Ci can b e a t t r i b u t e d t o a l a r g e r q u a n t i t y of l u b r i c a n t being entrapped w i t h i n t h e b e a r i n g c a v i t y a t t h e h i g h e r l u b r i c a n t flow rates. For a l l v a l u e s of 
n t a c t angles, t h e r e appears t o be no s i g n i f icant d i f f e r e n c e between t h e power l o s s w i t h e i t h e r of t h e s e c o n t a c t a n g l e s f o r a p a r t i c u l a r inner-race cooling flow (C.). This i s expected s i n c e power l o s s increases when t h e amount and v i s c o s i t y of o i l w i t h i n
t h e b e a r i n g c a v i t y i s i n c r e a s e d . It must b e recognized, however, t h a t a l l power l o s s d a t a presented h e r e i n are based s o l e l y on s h a f t horsepower measurements. A s such, they do n o t n e c e s s a r i l y encompass t h e power requirement f o r pumping t h e l u b r i c a n t , and, more s p e c i f i c a l l y , f o r c i r c u l a t i n g t h e o i l used t o cool t h e o u t e r r a c e .
The above r e s u l t s i n d i c a t e t h a t t h e b e a r i n g can be temperature and power tuned t o any s p e c i f i c o p e r a t i n g c o n d i t i o n depending upon t h e l u b r ic a n t c h a r a c t e r i s t i c s . The concept of Bearing Thermal Management proposed h e r e i n , i s b e l i e v e d t o be t h e proper t e c h n o l o g i c a l approach t o high-speed b e a r i n g o p e r a t i o n . The b a s i s o f t h i s is t h e r e c o g n i t i c n t h a t t o t a l and f l e x i b l e thermal c o n t r o l over a l l of t h e b e a r i n g components i s e s s e n t i a l t o a c h i e v e a r e l i a b l e high-speed, highly-loaded b e a r i n g . This i n t u r n req u i r e s a l u b r i c a t i o n scheme of s u f f i c i e n t s o p h i s t i c a t i o n t o a c h i e v e t h e thermal c o n t r o l s and s t i l l permit i t s p r a c t i c a l use i n a c t u a l f l i g h t hardware.
Bearing endurance a t 3 m i l l i o n DN. -P r e l i m i n a r y b e a r i n g endurance 0 tests were conducted w i t h t h e 24 c o n t a c t -a n g l e b e a r i n g a t a speed of 25 000 rpm ( 3 m i l l i o n DN) and a t h r u s t load of 2 2 2 4 1 N (5000 l b ) . Under t h e s e c o n d i t i o n s t h e maximum H e r t z stresses i n t h e i n n e r and o u t e r races are 1 9 6 5~1 0~ and 2096x10 N/m (285 000 and 304 000 p s i ) , r e s p e c t i v e l y .
For t h e s e long-time, high-speed bearing t e s t s t h e cooling-f low rate p e r b e a r i n g t o t h e o u t e r r a c e (C ) was 2 . 1. Bearing i n n e r -and outer-race temperatures and power consumpt i o n w e r e found t o v a r y w i t h l o a d , speed, l u b r i c a n t flow r a t e i n t o t h e b e a r i n g , and l u b r i c a n t c o o l i n g t o t h e i n n e r race. L u b r i c a n t c o o l i n g flow t o t h e o u t e r r a c e was found t o a f f e c t o u t e r -r a c e temperatures s i gn i f i c a n t l y , b u t had o n l y a s m a l l effect on t h e measured i n n e r -r a c e temp e r a t u r e . Power l o s s due t o change i n l u b r i c a n t c o o l i n g flow t o t h e o u t e r r a c e w a s r e l a t i v e l y i n s i g n i f i c a n t .
2. Bearing o p e r a t i n g t e m p e r a t u r e , d i f f e r e n c e s i n temperatures between t h e i n n e r and o u t e r races, and b e a r i n g power consumption can be 20 tuned t o any d e s i r a b l e o p e r a t i n g requirement by varying 4 parameters.
These parameters are o u t e r -r a c e cooling, i n n e r -r a c e c o o l i n g , l u b r i c a n t flow t o t h e i n n e r race and o i l i n l e t temperature,
.
A l l t e n b e a r i n g s which were endurance t e s t e d r a n f o r t i m e s i n excess of 1000 hours without f a i l u r e . These r e s u l t s i n d i c a t e t h a t long-term b e a r i n g o p e r a t i o n a t 3 m i l l i o n DN can b e achieved w i t h a h i g h degree of r e l i a b i l i t y u s i n g s o p h i s t i c a t e d b u t c u r r e n t l y a v a i l a b l e stateo f -t h e -a r t b e a r i n g materials, d e s i g n s , l u b r i c a n t s , and l u b r i c a t i o n t e c h n i q u e s . 
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